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The photonic spin Hall effect (SHE) can be regarded as a direct optical analogy of the SHE in
electronic systems where a refractive index gradient plays the role of electric potential. However,
it has been demonstrated that the effective refractive index fails to adequately explain the light-
matter interaction in atomically thin crystals. In this paper, we examine the spin-orbit interaction
on the surface of the freestanding atomically thin crystals. We find that it is not necessary to
involve the effective refractive index to describe the spin-orbit interaction and the photonic SHE in
the atomically thin crystals. The strong spin-orbit interaction and giant photonic SHE have been
predicted, which can be explained as the large polarization rotation of plane-wave components in
order to satisfy the transversality of photon.
PACS numbers: 42.25.-p, 42.79.-e, 41.20.Jb
I. INTRODUCTION
Two-dimensional (2D) atomic crystals have extraordi-
nary electronic and photonic properties which hold great
promise in the application of photonics and optoelec-
tronics [1–3]. A fundamental understanding of the light-
matter interaction in the 2D atomically thin crystals is
therefore essential to optoelectronics applications. Re-
flection and refraction are most common optical phenom-
ena, which are governed by the boundary condition [4].
In general, the interpretation of reflection and refraction
on the surface of 2D atomically thin crystals is treated
as a homogeneous medium with an effective refractive
index and an effective thickness [5–10]. Recently, it has
been demonstrated that the Fresnel model based on the
certain thickness and effective refractive index fails to
explain the overall experiments on light-matter interac-
tion [11–13]. However, the Fresnel model based on the
zero-thickness interface can give a complete and convinc-
ing description of all the experimental observation. Here,
the 2D atomic crystals can be regarded as zero-thickness
interface (a real 2D system).
As a fundamental physical effect in light-matter inter-
action, spin-orbit coupling of light is attributed to the
transverse nature of the photonic polarization. Photonic
spin Hall effect (SHE) manifesting itself as spin- depen-
dent splitting in light-matter interaction is considered as
a result of spin-orbit interaction of light [14–16]. The
photonic SHE can be regarded as a direct optical analogy
of the SHE in electronic systems [17–21] where the spin
electrons and electric potential are replaced by spin pho-
tons and a refractive index gradient, respectively. The
analogy has been extensively demonstrated effective for
the photonic SHE in 3D bulk crystals [22–30]. However,
the effective refractive index fails to adequately explain
the light-matter interaction in 2D atomic crystals. It
would be interesting how to describe the spin-orbit inter-
action on the surface of 2D atomic crystals.
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In this paper, we examine the spin-orbit coupling of
light on the surface of the freestanding atomically thin
crystals. We develop a general model to describe the
spin-orbit interaction of light on the surface of 2D atomic
crystals. We find that it is not necessary to involve the ef-
fective refractive index to describe the spin-orbit interac-
tion and photonic SHE on the surface of atomically thin
crystals. Based on this model, the spin-dependent spa-
tial and angular shifts in photonic SHE can be obtained.
The strong spin-orbit interaction and the giant photonic
SHE have been predicted, which can be explained as the
large polarization rotation of plane-wave components in
order to satisfy the transversality of photon.
II. A GENERAL MODEL FOR SPIN-ORBIT
INTERACTION OF LIGHT
We first establish a general model to describe the spin-
orbit interaction on the surface of 2D atomic crystals.
Let us consider a Gaussian wavepacket with monochro-
matic frequency ω impinging from air to the surface of
the 2D atomic crystal as shown in Fig. 1. The z axis of
the laboratory Cartesian frame (x, y, z) is normal to the
surface of the 2D atomic crystal. A sheet of 2D atomic
crystal is placed on the top of a dielectric substrate. In
addition, the coordinate frames (xi, yi, zi) and (xr, yr, zr)
are used to denote central wave vector of incidence and
reflection, respectively.
In order to keep the discussion as general as possi-
ble, the conductivity and susceptibility tensors for the
2D atomic crystals can be written as
σT =
(
σpp σps
σsp σss
)
, χT =
(
χpp χps
χsp χss
)
. (1)
The conductivity and susceptibility tensors can be ap-
plied to describe different 2D atomic crystals, such as
graphene [1], boron-nitride [31], and black phospho-
rus [32].
Based on the boundary conditions, the incident, re-
flected, and transmitted amplitudes satisfy the following
2FIG. 1: Schematic illustrating the photonic SHE of
wavepacket reflected on the surface of atomically thin crystal.
On the surface of 2D atomic crystal, the photonic SHE occurs
which manifests as the spin-dependent splitting. For the free-
standing atomically thin crystal, we can choose the refractive
index of substrate as n =
√
ε/ε0 = 1.
equations:
Esi + E
s
r = E
s
t , (2)
cos θi(E
p
i − Epr ) = cos θtEpt , (3)
cos θi
Z0
(Esi − Esr ) =
(
σss +
ikχss
Z0
+
cos θt
Z
)
Est
+
(
ikχsp
Z0
+ σsp
)
cos θtE
p
t , (4)
1
Z0
(Epi + E
p
r ) =
(
σpp cos θt +
ikχpp
Z0
cos θt +
1
Z
)
Ept
+
(
ikχps
Z0
+ σps
)
Est . (5)
Here, p and s represent the parallel and perpendicular
polarization states, respectively. θi is the angle of inci-
dence, θt is the transmission angle. Z0 is the impedance
in air and Z is the impedance in media. The Fresnel’s
coefficients are determined by the incident and reflected
amplitudes: rpp = E
p
r /E
p
i , rss = E
s
r/E
s
i , rps = E
p
r/E
s
i
and rsp = E
s
r/E
p
i . From Eqs. (2)-(5), the Fresnel’s coef-
ficients are obtained as
rpp =
αT+α
L
− + β
αT+α
L
+ + β
, (6)
rss = −
αT−α
L
+ + β
αT+α
L
+ + β
, (7)
rps = −rsp = Λ
αT+α
L
+ + β
. (8)
Here, αL± = (kizε±ktzε0+iε0kizktzχpp+kizktzσpp/ω)/ε0,
αT± = ktz ± kiz + ik2χss + ωµ0σss, β =
−[ikizktzχps + kizktzσps/(ωε0)](ik2χps + ωµ0σps)/µ0,
Λ = 2kizktz(ikχps + Z0σps), kiz = ki cos θi, and
ktz = kt cos θt; ε0 , µ0 are permittivity and permeability
in vacuum; ε is the permittivity of substrate; σpp, σss
and σps (σsp ) denote the longitudinal, transverse, and
crossing-conductance conductivity, respectively.
For horizontal polarization state |H〉 and vertical po-
larization state |V 〉, the reflected polarization states re-
lated to the incident polarization states can be written as
[|H(kr)〉 |V (kr)〉]T = MR[|H(ki)〉 |V (ki)〉]T . Here, MR
can be expressed as[
rpp − 2kry cot θrpsk0 rps +
kry cot θ(rpp+rss)
k0
rsp − kry cot θ(rpp+rss)k0 rss −
2kry cot θrps
k0
]
, (9)
where k0 = ω/c is the wavevector in vacuum. In above
equation, the boundary condition krx = −kix and kry =
kiy have been introduced. The polarizations associated
with the angular spectrum components experience differ-
ent rotations in order to satisfy the boundary condition
after reflection.
In the spin basis set, the polarization states of |H〉 and
|V 〉 can be decomposed into two orthogonal spin com-
ponents |H〉 = (|+〉 + |−〉), and |V 〉 = i(|−〉 − |+〉)/√2,
where |+〉 and |−〉 represent the left- and right-circular
polarization components, respectively. We assume that
the wavefunction in momentum space can be specified by
the following expression
|Φ〉 = w0√
2pi
exp
[
−w
2
0(k
2
ix + k
2
iy)
4
]
, (10)
where w0 is the width of wave function. The total wave
function is made up of the packet spatial extent and the
polarization state. From Eqs. (9) and (10), the reflected
wave function |ψHr 〉 and |ψVr 〉 in the momentum space
can be obtained as
|ψHr 〉 =
rpp±irps√
2
(1∓ikrxδHx±±ikryδHy±)
× exp
[
−w
2
0(k
2
ix + k
2
iy)
4
]
|±〉, (11)
|ψVr 〉 =
rps∓irss√
2
(1±ikrxδVx±±ikryδVy±)
× exp
[
−w
2
0(k
2
ix + k
2
iy)
4
]
|±〉,
(12)
Here, δHx± = (∂rps/∂θi)/(rpp ± irps), δHy± = (rpp +
rss) cot θ + ∂rps/∂θ]/(rpp ± irps) − 2i cot θrps/[k0(rpp ±
3irps)], δ
V
x± = (∂rps/∂θ)/(rss ± irps), δVy± = (rpp +
rss) cot θ + ∂rps/∂θ]/[(rss ± irps) − 2i cot θrps/[k0(rss ±
irps)]. For weak spin-orbit interaction, δ
H,V
rx ≪ w0 and
δH,Vry ≪ w0, the reflected wavefunctions can be written
as
|ψHr 〉 ≈
rpp ± irsp√
2
exp(∓ikrxδHrx± ± ikryδHry±)
× exp
[
−w
2
0(k
2
ix + k
2
iy)
4
]
|±〉, (13)
|ψVr 〉 ≈
rps ∓ irss√
2
exp(±ikrxδVrx± ± ikryδVry±)
× exp
[
−w
2
0(k
2
ix + k
2
iy)
4
]
|±〉. (14)
Here, we have introduced the approximations: 1 +
iσkrxδ
H,V
rx± ≈ exp(iσkrxδH,Vrx± ) and 1 + iσkryδH,Vry ≈
exp(iσkryδ
H,V
ry ), where σ being the Pauli operator. The
origin of the spin-orbit interaction terms exp(iσkrxδ
H,V
rx )
and exp(iσkryδ
H,V
ry ) lie in the transverse nature of the
photon polarization: The polarizations associated with
the plane-wave components experience different rotations
in order to satisfy the transversality in reflection. In gen-
eral, the phases ϕG = krxδ
H,V
rx and ϕG = kryδ
H,V
ry can be
regarded as the spin-redirection Berry phases [33, 34].
It should be noted that the above approximations do
not hold for strong spin-orbit interaction δH,Vrx ≈ w0 or
δH,Vry ≈ w0 .
III. STRONG SPIN-ORBIT INTERACTION
We now develop the theoretical mode to describe the
strong spin-orbit interaction of light on the surface of
atomically thin crystals. Here, we restrict the isotropic
case (such as graphene and boron-nitride), where the
Fresnel reflection coefficients rps = rsp = 0. By making
use of Taylor series expansion based on the arbitrary an-
gular spectrum component, rpp and rss can be expanded
as a polynomial of kix:
rpp = rpp(kix = 0) + kix
[
∂rpp(kix)
∂kix
]
kix=0
, (15)
rss = rss(kix = 0) + kix
[
∂rss(kix)
∂kix
]
kix=0
. (16)
To accurately describe the strong spin-orbit interaction,
the Fresnel reflection coefficients are confined to the first
order in Taylor series expansion. We then obtain
|ψHr±〉 =
[
rpp − krx
k0
∂rpp
∂θi
∓ikry cot θi
k0
(rpp + rss)
∓ikrxkry cot θi
k20
(
∂rpp
∂θi
+
∂rss
∂θi
)]
× exp
[
−w
2
0(k
2
rx + k
2
ry)
4
]
|±〉 (17)
FIG. 2: Strong spin-orbit interaction of light on the surface of
2D atomic crystals. The spatial shift (a) and angular shift (b)
on the surface of 2D atomic crystals as a function of incident
angles θi and the refractive index of substrate n. The 2D
atomic crystal is chosen as single-layer graphene with σpp =
σss = 6.08×10
−5Ω, σps = σsp = 0, χpp = χss = 1.0×10
−9m,
and χps = χsp = 0.
|ψVr±〉 =
[
rss − krx
k0
∂rss
∂θi
∓ikry cot θi
k0
(rpp + rss)
∓ikrxkry cot θi
k20
(
∂rpp
∂θi
+
∂rss
∂θi
)]
× exp
[
−w
2
0(k
2
ix + k
2
iy)
4
]
|±〉. (18)
The large polarization in momentum space (k) will in-
duces a giant spin-dependent splitting in position space.
The transverse spatial and angular shifts of wave-
packet at initial position (zr = 0) are given by
〈yH,Vr± 〉 =
〈ψH,Vr± |∂kry |ψH,Vr± 〉
〈ψH,Vr± |ψH,Vr± 〉
. (19)
4〈ΘH,Vry± 〉 =
1
k0
〈ψH,Vr± |kry|ψH,Vr± 〉
〈ψH,Vr± |ψH,Vr± 〉
. (20)
Substituting Eqs. (17) and (18) into Eqs. (19) and (20),
respectively, the transverse spatial and angular shifts for
two spin components are achieved.
Figure 2 shows the transverse spatial and angular shifts
for the |H〉 polarization impinging on the surface of
single-layer graphene. The transverse shifts are plot-
ted as a function of incident angles and the refractive
index of substrate. For one-layer graphene at wave-
length 633nm, the surface conductivity and the surface
susceptibility values are chosen as 6.08 × 10−5Ω and
χpp = χss = 1.0 × 10−9m, respectively [11]. The large
spatial shifts occurs near a certain angle [Fig. 2(a)], which
can be regarded as the Brewster angle on reflection at the
interface of air-substrate [27]. The large angular shifts
present due to the surface conductivity and the surface
susceptibility of the 2D atomic crystal [Fig. 2(b)]. It
should be mentioned that there are no angular shifts
present at the air-substrate interface. The incident angle
associated the large spatial and angular shifts increase
with the decrease of the reflective index. It should be
interesting for the free standing 2D atomic crystals in
vacuum where the refractive index of substrate is chosen
as n = 1.
Assuming that an individual graphene sheet is a non-
interacting monolayer, for few-layer graphene, the sur-
face conductivity and the surface susceptibility values in-
crease linearly with layer number m. The parameters for
multi-layer graphene are obtained as m × 6.08 × 10−5Ω
and m × 1.0 × 10−9m. This assumption has been used
to analyze the Goos-Ha¨nchen effect on the surface of
graphene, and the theoretic results coincide well with
the experimental ones [35]. Figure 3 shows the trans-
verse spatial and angular shifts for the polarization im-
pinging on the surface of free-standing graphene with dif-
ferent layers. The obtained spatial shift reaches 3000nm
near the grazing angle, which is several times larger than
the wave length [Fig. 3(a)]. Correspondingly, the angu-
lar shifts reaches 0.25mrad [Fig. 3(b)]. Note that the
large spatial and angular shifts in Goos-Ha¨nchen effect
have been predicted theoretically [12]. In addition, the
quantized beam shifts [36, 37] should also been enhanced
in quantum Hall regime when the wavepacket reflection
near the grazing angle.
We give a simple explanation of why the polarization
rotation can be regarded as the origin of photonic SHE.
In general, an arbitrary linear polarization state can be
decomposed into two orthogonally circular polarization
states with opposite phases:(
cos γ
sin γ
)
= exp(+iϕG)|+〉+ exp(−iϕG)|−〉, (21)
where γ is the polarization angle. The polarization ro-
tation will induce a geometric phase gradient and ulti-
mately lead to the spin-dependent shifts. When the po-
larization rotation occurs in momentum space, the spa-
tial shift will be induced 〈yr±〉 = σ∂ϕG/∂kry. Similarly,
θ
〈
〉
θ
〈Θ
〉
FIG. 3: Giant spin-dependent shifts in photonic SHE when
the wave packet is reflected from the surface of freestanding
2D atomically thin crystal. The spatial shifts (a) and the
angular shifts (b) on the surface of atomically thin crystal
with different layers m = 1, 2, 3. The beam waist is chosen as
w0 = 20µm. Other parameters are the same as in Fig. 2.
when the polarization rotation occurs in position space,
the angular shift will be induced ∆kry± = σ∂ϕG/∂yr and
〈Θry±〉 = ∆kry±/kr.
We now examine the polarization rotation character-
istics of wave-packet after reflection. From Eqs. (9) and
(10), the representation of the reflected wave function
can be written as
|ψHr 〉 = exp
[
−w
2
0(k
2
rx + k
2
ry)
4
] [(
rpp − krx
k0
∂rpp
∂θi
)
|H〉
−kry cot θi
k0
(rpp + rss)|V 〉+ krxkry cot θi
k20
×
(
∂rpp
∂θi
+
∂rss
∂θi
)
|V 〉
]
, (22)
5λ
λ
λ
λ
FIG. 4: [(a) and (b)] Polarization rotation of the beam re-
flected on the surface of freestanding 2D atomic crystal with-
out substrate. [(c) and (d)] Polarization rotation on the sur-
face of the 3D bulk crystal n = 1.515. The spin-orbit inter-
action can be explained as the polarization rotation in mo-
mentum space and position space. Left column: Polarization
rotation in momentum space. Right column: Polarization
rotation in position space. The incident angle is chosen as
θi = 85
◦ and the beam waist is chosen as w0 = 10µm. Other
parameters are the same as in Fig. 2. To make the polariza-
tion rotation characteristics more noticeable, we amplify the
rotation angles by 10 times.
|ψVr 〉 = exp
[
−w
2
0(k
2
rx + k
2
ry)
4
][(
rss − krx
k0
∂rss
∂θi
)
|V 〉
+
kry cot θi
k0
(rpp + rss)|H〉 − krxkry cot θi
k20
×
(
∂rpp
∂θi
+
∂rss
∂θi
)
|H〉
]
, (23)
The wave function in position space is the Fourier trans-
form of the wave function in momentum space:
|ΦH,Vr 〉 =
∫ ∫
dkrxdkry|ψH,Vr± 〉|krx, kry〉. (24)
In fact, after the angular spectrum of incident wave func-
tion is known, Eq. (24) together with Eqs. (22) and
(23) provides the general representation of reflected wave
function in position space:
|ΦHr 〉 = exp
[
− (x
2
r + y
2
r)
w20
] [(
rpp − ixr
zR
)
|H〉
− iyr
zR
cot θi(rpp + rss)|V 〉 − xryr
z2R
cot θi
×
(
∂rpp
∂θi
+
∂rss
∂θi
)]
|V 〉
]
, (25)
|ΦVr 〉 = exp
[
− (x
2
r + y
2
r)
w20
] [(
rss − ixr
zR
)
|V 〉
+
iyr
zR
cot θi(rpp + rss)|H〉+ xryr
z2R
cot θi
×
(
∂rpp
∂θi
+
∂rss
∂θi
)
|H〉
]
. (26)
The above expressions are only confine to the isotropic
case. For anisotropic 2D atomic crystals, more complex
characteristics of polarization rotation would be involved.
We plot the polarization distributions of the reflected
field in Fig. 4. In the reflection on the surface of the 2D
atomic crystal, a large polarization rotation present in
both position and momentum spaces [Fig. 4(a) and 4(b)].
Therefore, the large geometric phase gradient and giant
spin-dependent splitting should also occur in momentum
space and position space. As a comparison, the polar-
ization rotation on the 3D bulk crystal are also plotted
[Fig. 4(c) and 4(d)]. Interestingly, only a tiny polar-
ization rotation appears in momentum space which ul-
timately induces a tiny spin-dependent splitting in posi-
tion space. There are no polarization rotation appears
in position space, and thereby no angular shift occurs in
position space. Therefore, the spin-dependent splitting
in position space is related to the polarization rotation
in momentums space, while the splitting in momentum
space is attributed to the polarization rotation in position
space.
IV. CONCLUSIONS
In conclusion, we have developed a general model to
describe the spin-orbit interaction of light on the sur-
face of the free standing atomically thin crystals. In this
model, the 2D atomic crystals can be regarded as zero-
thickness interface. We have found that it is not neces-
sary to involve the effective refractive index to describe
the spin-orbit interaction and the photonic SHE in the
atomically thin crystals. The giant photonic SHE man-
ifesting itself as large spin-dependent splitting in both
position and momentum space have been theoretically
predicted. This strong spin-orbit interaction can be ex-
plained as the large polarization rotation of plane-wave
components in order to satisfy the transversality of pho-
tons. We believe that these results may provide insights
into the fundamental properties of spin-orbit interaction
of light in 2D atomic crystals.
Acknowledgments
This research was supported by the National Natural
Science Foundation of China (Grants Nos. 11274106 and
11474089).
6[1] K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang,
Y. Zhang, S. V. Dubonos, I. V. Grigorieva, and A. A.
Firsov, Science 306, 666 (2004).
[2] K. Novoselov, D. Jiang, F. Schedin, T. Booth, V. Khotke-
vich, S. Morozov, and A. Geim, Proc. Natl. Acad. Sci.
102, 10451 (2005).
[3] F. Bonaccorso, Z. Sun, T. Hasan, and A. C. Ferrari, Nat.
Photonics 4, 611 (2010).
[4] J. D. Jackson, Classical Electrodynamics (Wiley, New
York, 1999).
[5] P. Blake, E. W. Hill, A. H. Castro Neto, K. S. Novoselov,
D. Jiang, R. Yang, T. J. Booth, and A. K. Geim, Appl.
Phys. Lett. 91, 063124 (2007).
[6] M. Bruna and S. Borini, Appl. Phys. Lett. 94, 031901
(2009).
[7] V. G. Kravets, A. N. Grigorenko, R. R. Nair, P. Blake,
S. Anissimova, K. S. Novoselov, and A. K. Geim, Phys.
Rev. B 81, 155413 (2010).
[8] K. Peters, A. Tittel, N. Gayer, A. Graf, V. Paulava,
U. Wurstbauer, and W. Hansen, Appl. Phys. Lett. 99,
191912 (2011).
[9] X. Zhou, X. Li, H. Luo, and S. Wen, Appl. Phys. Lett.
101, 251602 (2012).
[10] D. Golla, K. Chattrakun, K. Watanabe, T. Taniguchi, B.
J. LeRoy, and A. Sandhu, Appl. Phys. Lett. 102, 161906
(2013).
[11] M. Merano, Phys. Rev. A 93, 013832 (2016).
[12] M. Merano, Opt. Lett. 41, 2668 (2016).
[13] M. Merano, Opt. Lett. 41, 5780 (2016).
[14] M. Onoda, S. Murakami, and N. Nagaosa, Phys. Rev.
Lett. 93, 083901 (2004).
[15] K. Y. Bliokh and Y. P. Bliokh, Phys. Rev. Lett. 96,
073903 (2006).
[16] O. Hosten and P. Kwiat, Science 319, 787 (2008).
[17] M. I. Dyakonov and V. I. Perel, Phys. Lett. A 35, 459
(1971).
[18] J. E. Hirsch, Phys. Rev. Lett. 83, 1834 (1999).
[19] S. Murakami, N. Nagaosa, and S. C. Zhang, Science 301,
1348 (2003).
[20] J. Sinova, D. Culcer, Q. Niu, N. A. Sinitsyn, T. Jung-
wirth, and A. H. MacDonald, Phys. Rev. Lett. 92, 126603
(2004).
[21] J. Wunderlich, B. Kaestner, J. Sinova, and T. Jungwirth,
Phys. Rev. Lett. 94, 047204 (2005).
[22] K. Y. Bliokh and Y. P. Bliokh, Phys. Rev. E 75, 066609
(2007).
[23] K. Y. Bliokh, A. Niv, V. Kleiner, and E. Hasman, Nature
Photon. 2, 748 (2008).
[24] A. Aiello and J. P. Woerdman, Opt. Lett. 33, 1437
(2008).
[25] H. Luo, S. Wen, W. Shu, Z. Tang, Y. Zou, and D. Fan,
Phys. Rev. A 80, 043810 (2009).
[26] J.-M. Me´nard, A. E. Mattacchione, H. M. van Driel,
C. Hautmann, and M. Betz, Phys. Rev. B 82, 045303
(2010).
[27] H. Luo, X. Zhou, W. Shu, S. Wen, and D. Fan, Phys.
Rev. A 84, 043806 (2011).
[28] X. Zhou, J. Zhang, X. Ling, S. Chen, H. Luo, and S.
Wen, Phys. Rev. A 88, 053840 (2013).
[29] J. Korger, A. Aiello, V. Chille, P. Banzer, C. Wittmann,
N. Lindlein, C. Marquardt, and G. Leuchs, Phys. Rev.
Lett. 112, 113902 (2014).
[30] J. L. Ren, B. Wang, M. M. Pan, Y. F. Xiao, Q. H. Gong,
and Y. Li, Phys. Rev. A 92, 013839 (2015).
[31] A. K. Geim and I. V. Grigorieva, Nature 499, 419 (2013).
[32] F. Xia, H. Wang, and Y. Jia, Nat. Commun. 5, 4458
(2014).
[33] M. V. Berry, Proc. R. Soc. London Ser. A 392, 45 (1984).
[34] K. Y. Bliokh, F. J. Rodr´ıguez-Fortun˜o, F. Nori, and A.
V. Zayats, Nat. Photonics 9, 796 (2015).
[35] S. Chen, C. Mi, L. Cai, M. Liu, H. Luo, and S. Wen,
Appl. Phys. Lett. 110, 031105 (2017).
[36] W. J. M. Kort-Kamp, N. A. Sinitsyn, and D. A. R.
Dalvit, Phys. Rev. B 93, 081410 (2016).
[37] L. Cai, M. Liu, S. Chen, Y. Liu, W. Shu, H. Luo, and S.
Wen, Phys. Rev. A 95, 013809 (2017).
